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The global prevalence of obesity has increased significantly in recent decades, mainly due to excess calorie intake and increasingly sedentary lifestyle. Here, we test the association between obesity measured by body mass index (BMI) and one of the best-known genetic variants showing strong selective pressure: the functional variant in the cis-regulatory element of the lactase gene. We tested this variant since it is presumed to provide nutritional advantage in specific physical and cultural environments. We genetically defined
INTRODUCTION
The lactase gene [LCT (MIM 603202) ] is expressed in the intestinal epithelial cells and its protein product contributes to carbohydrate metabolism via digestion of the milk sugar lactose. The activity of the lactase enzyme in intestinal cells normally declines during childhood. Individuals with lactase non-persistence show varying degrees of abdominal pain, diarrhoea, bloating and gas formation after consumption of lactose-containing foods, in particular milk and other nonfermented dairy products. Molecular studies of lactose intolerance led to the identification of specific variations in a cis-regulatory element of the LCT gene resulting in lactase persistence (LP) which is an autosomal dominant condition (MIM 223100). The LP single-nucleotide polymorphism (SNP) most common among individuals of European descent (C/T -13910 , rs4988235) was first identified by Enattah et al. (1) in Finnish lactose intolerance families. The T allele correlated perfectly with the LP phenotype of intestinal cells and functional studies have shown that the T allele is associated with the disrupted down-regulation of the LCT gene during childhood (2, 3) . The enhancer function of this mutation has also been shown in vitro (4, 5) . Subsequently, this region has yielded a spectrum of variants, some showing population specificity (6) (7) (8) . These variants have been under strong positive selection regionally and seem to reflect independent events of cattle domestication, as exemplified by the two different allelic backgrounds of the Arabic and European LP alleles (6, 9) . The European LP allele has been associated with higher milk consumption in Finnish, Estonian and Austrian populations, one of which being the Finnish YF sample used in this study (10 -15) .
We hypothesized that since lactase non-persistent individuals are on a more restricted diet when compared with the LP individuals, this may have an impact on body mass index (BMI) and/or height. Lactose-containing dairy products are often high in energy content potentially increasing daily calorie intake, and for the lactase non-persistent, they may cause diarrhoea which can prevent the absorption of nutrients. Further, milk is rich in calcium, required for skeletal growth.
BMI is calculated as weight in kilograms divided by the square of height in meters. BMI has been studied extensively due to the health effects of obesity and its relative ease of measurement. Excessive weight increases the risk of type II diabetes, coronary artery disease and hypertension, and is associated with many forms of cancer along with adverse social and psychological consequences (16, 17) . The need for more effective clinical strategies has become evident with the increasing prevalence of obesity in recent years (18) . This has put pressure on genetic studies to find variants responsible for differences in response to positive energy balance. Recent genome-wide association studies (GWASs) have been able to show association between BMI and genetic variants in a total of 13 genomic regions (19 -22) . In this study, we show the association between genetically defined LP and BMI.
RESULTS
The effect of LP was evaluated in five Finnish representative population cohorts, all non-ascertained for BMI or height: The North Finland Birth Cohort 1966 (NFBC 1966), The Health 2000 Health Examination Survey (Health2000), The Cardiovascular Risk of Young Finns Study (YF), the AlphaTocopherol, Beta-Carotene Cancer Prevention (ATBC) study and the FINRISK which is a cross-sectional population survey targeting coronary risk factors collected every 5 years. The cohort-specific analyses were performed on corrected phenotype comparing the C -13910 allele homozygotes (lactase non-persistent, CC genotypes) against T -13910 allele carriers (LP, CT and TT genotypes) using linear regression. There was evidence for association with BMI and the LP in the NFBC 1966 (n ¼ 5498, C allele frequency ¼ 0.39, b ¼ 20.11, P ¼ 0.002) and in ATBC cohorts (n ¼ 2126, C allele frequency ¼ 0.40, b ¼ 20.12, P ¼ 0.04) and the same direction of association in Health2000 (n ¼ 5320, C allele Table 1 summarizes the cohort-specific analyses.
The CC genotype was associated with decreased BMI compared with CT/TT genotypes in the meta-analysis of 17 374 Finns (b ¼ 20.08, P ¼ 1.5 Â 10 25 ). The individuals carrying the LP allele had 0.3 kg/m 2 higher BMI than the non-persistent individuals which corresponds to 1 kg for an average person. The single study results from linear regression and the meta-analyses are summarized as a forest plot (Fig. 1) .
We also performed a sex-specific meta-analysis and found that males (n ¼ 9739, b ¼ 20.09, P ¼ 1.6 Â 10
24
) had somewhat higher effect estimate in the model than females (n ¼ 7635, b ¼ 20.06, P ¼ 0.02), but there was no robust statistical evidence of a gender difference (P ¼ 0.6).
Genome-wide SNP data were available for two of the cohorts, NFBC 1966 (n ¼ 4911) and Health2000 (n ¼ 2145, metabolic syndrome case -control sample). The first 14 eigenvectors from the principal components analysis of the GWA SNP panel explained relatively the largest proportion of the variance of the principal components in the NFBC 1966; therefore, we tested for the correlation of BMI between these eigenvectors in both genome-wide SNP data sets. We used linear regression to evaluate evidence of correlation between the eigenvectors and BMI. No correlation was found in either NFBC 1966 or the Health2000 (P . 0.05). We tested for the correlation of LP and eigenvectors using logistic regression since the response variable was dichotomous. The 5th (P ¼ 0.02) and 10th (P ¼ 0.01) principal components showed most evidence of correlation with LP in NFBC 1966, and the 2nd (P ¼ 0.02), 7th (P ¼ 0.008) and 12th (P ¼ 0.008) eigenvectors with LP in Health2000. Including these eigenvectors as covariates in the linear regression did not change association between BMI and LP in the NFBC 1966 data or in the Health2000 subsample. In NFBC 1966, the linear regression b changed marginally (b ¼ 20.12, P ¼ 0.003), and in the Health2000 subsample, the effect size remained the same (b ¼ 20.13, P ¼ 0.03). Since the Health2000 subsample was ascertained for metabolic syndrome, we tested for the effect in both cases and controls separately, and found the linear regression b to be equal in both groups.
Frayling et al. (19) have shown that the FTO rs9939609 A allele is positively associated with BMI. We had both LCT and FTO genotypes available in NFBC 1966 cohort for 4955 individuals. The difference between FTO AA and TT homozygotes was 0.5 kg/m 2 . We compared the proportion of variance in BMI explained by FTO and the proportion explained by LP. The additive model (n ¼ 4955, P ¼ 6.7 Â 10
) of the FTO gene association was found to explain 0.2% of the variance in BMI in the NFBC 1966 cohort. Similarly, the dominant effect of LP was found to account for 0.2% of the variance in BMI in this cohort.
We tested for the association with height and LP marker but we did not find evidence of a meaningful association in the meta-analysis in Finns (n ¼ 17 374, b ¼ 20.004, P ¼ 0.41). We also performed a weight analysis which-as expected, given the association with BMI but lack of association with height-demonstrated robust association (n ¼ 17 374, b ¼ 20.08, P ¼ 1.4 Â 10
25
). Both height and weight analyses were performed in the same way as the BMI analyses.
Since the initial GWASs have not identified this association in the LCT region, we tested the effect of using an additive model in the analyses instead of the correct dominant model and combined the results with meta-analysis. The additive model decreased the association (P ¼ 0.001) compared with the dominant model (P ¼ 1.5 Â 10
). We simulated the size of the power decrease resulting from using the incorrect Table 2 .
We performed a dominance deviation test from additivity in each cohort separately and pooled the b-estimates with meta-analysis. The dominance term suggested that we could reject the additive model (
The linear regression analysis of the British Women's Heart and Health Study (BWHHS) showed that the difference between the LP and lactase non-persistent was 0.30 kg/m Since we had the rs4988235 genotyped for individuals in Health2000 subsample and NFBC 1966 and additionally we had genome-wide SNP data, we were able to impute the marker and compare the imputed genotypes with genotyped ones. The imputation quality score was 0.91 and r 2 was 0.81. The phenotype-defining C/C genotype had 23% discordance between the imputed versus genotyped calls. Of the 1060 C/C calls in the genotyped data, 245 were not defined C/C in the imputed data. In 15 cases, the imputation gave C/ C genotype where the genotyped individuals had C/T genotype. In total, 11% of all calls were discordant between imputed and genotyped data.
We combined the effect sizes of all nine cohorts in meta-analysis. The association with BMI remained robust (b ¼ 20.06, P ¼ 7.9 Â 10 25 ) in the combined analysis of 31 720 European individuals. There was some evidence of heterogeneity in the meta-analysis of all samples (I 2 ¼ 10), although the Q statistics was not significant (P ¼ 0.35).
Results of the individual study linear regression analyses and the meta-analyses are summarized as a forest plot ( Fig. 1 ) and in Table 1 .
DISCUSSION
In this study, we present novel evidence of association between genetically defined LP and BMI (P ¼ 7.9 Â 10 25 ) in 31 720 individuals from four European populations. The LCT C/T -13910 marker frequency shows strong population differences. Campbell et al. (23) , sampling from an European American population, tested for an association between height and the C/T -13910 marker and found robust association between the marker and height if they did not correct for the ancestral origin of the samples. After the correction for ancestral origin, the association was considerably attenuated, thus indicating that the association was most likely an incidental reflection of population stratification of this variant. Similar generation of a link between the LCT C/T -13910 marker and self-rated health has been shown to be due to population stratification in a British study (24) . We tested for the association with height and the LP marker and we did not find this marker to be associated with height. The NFBC 1966 cohort and a subset of the Health2000 cohort had genome-wide SNP data available with which we could assess the effect of population substructure. The first two principal components describe the geographical origin of the individuals in NFBC 1966 cohort, as has been shown by Jakkula et al. (25) . We showed that none of the first 14 eigenvectors had a material effect on the association analysis in both the regional NFBC 1966 sample and a country-wide Health2000 subsample, which strongly suggests that the association was not due to population stratification. The best evidence which would exclude the effect of stratification came from the ERF study from the Netherlands. Although the QTDT (26) analyses were not significant, the effect size was in line with the population-based studies which is a good indicator that the population-based results were not due to stratification. All five Finnish study cohorts showed the same trend of increased BMI (heterogeneity I 2 ¼ 0), although the association was not conventionally significant in all cohorts individually. However, after combining the cohorts in the meta-analysis, the association was robust (Fig. 1) . We showed that the increase in BMI was mediated through the increase in body weight (P ¼ 1.4 Â 10
25
) but not through stature (P ¼ 0.41). The non-Finnish population samples did not replicate the association significantly (P ¼ 0.24). The marker was genotyped in the British study which showed similar effect size than the Finnish sample. The cohorts which show smaller effect size have all been imputed. In our Finnish sample, we found that the imputation of this region proves to be difficult and the erroneous genotypes concentrate on the phenotype-defining genotype. This effect is shown in Finnish population and it is not possible to assess whether it is the same case in our European replication cohorts. The ERF study is more robust for this kind of error since it benefits from the family structure in the imputation. Should the same phenomenon exist in the imputed European replication samples, the effect size would be A GWAS by Meyre et al. (27) has previously shown association in this region. They showed an association (P ¼ 9.2 Â 10 24 ) with a marker which is in LD (HapMap, r 2 ¼ 0.58, D 0 ¼ 0.80, rs2011946) with the LP variant and BMI in 135 obese adults and 794 lean adults of French origin. It is not possible to determine whether this association was due to stratification or not. They could not show association in an independent population-based cohort possibly because the cohort was underpowered (n ¼ 4417). The effect in the study by Meyre et al. was in the same direction as in our study in all of the three tested adult cohorts. Any further comparison is not possible since they did not have the same marker genotyped.
There are several possible explanations as to why the LP association with BMI may have remained undetected in rest of the GWA analyses. First, the functional variant is not included in any currently used SNP arrays and the power has been reduced due to insufficient linkage disequilibrium (LD). The recently published GWASs were genotyped either by Affymetrix 5.0 or Illumina array which has less coverage in this area than the HumanHap 650 array (19 -22) . We found that the strongest LD (r 2 ) with the LCT C/T -13910 and any marker within 500 000 bp in the HapMap CEPH (Utah residents with ancestry from northern and western Europe) sample included in the Illumina HumanHap 650 or Affymetrix 5.0 array was 0.78 (rs309160) (28) . Second, the first four GWASs had used an additive model, which given the dominant inheritance model of LP and based on what we show here is inappropriate, and results in a considerable decrease in power as shown in Table 2 . The strength of evidence of association was also reduced in our data set when the incorrect model was used (additive P ¼ 0.001 versus dominant P ¼ 1.5 Â 10
). Third, the imputation accuracy might be compromised in this region as was shown by our Finnish sample. Together, the incomplete tagging or inaccurate imputation combined with the use of an inappropriate genetic model may explain why this association has remained undetected. Furthermore, the association of LP with milk consumption varies between populations, being stronger in settings of intermediate allele frequency than when one allele is rare (24) . One cannot reject cultural influences on milk consumption overriding the generally rather minor discomfort consequent on milk ingestion by non-persistent individuals and lead to the expectation that the association of LP genotype with BMI will be context-specific (29) . The effect size of this variant may be large in Finland where dairy product consumption is very common and there is a correlation with liquid dairy product consumption and the LP variant (10, 11) . Further, the effect size may have been overestimated in the initial Finnish discovery sample.
The mechanism by which LP affects body composition may be related to the more restricted diet the lactase non-persistent individuals may choose or perhaps the negative symptoms such as diarrhoea after using lactose-containing food products play some role. This finding may also reflect the positive selection the LP allele has been subject to in recent history. Our study highlights the fact that the recent GWASs have not exhaustively revealed the common variants affecting BMI. Although explanation at a functional level is a matter for future studies and finding is not significant in the GWAS established genome-wide level of significance, we propose that the European variant behind LP, and perhaps other variants affecting the regulatory region of LCT, contributes to human obesity.
MATERIALS AND METHODS

Study samples
Informed consent was obtained from all participants and study was conducted according to the principles expressed in the Declaration of Helsinki and the studies were reviewed and accepted by local ethics committees. Table 3 shows the cohort characteristics. More detailed description of the study cohorts can be found at the National Biobank of Finland website (see Web Resources) and from the University of Turku website (YF cohort, see Web Resources). In brief, the NFBC 1966 includes individuals born in the Northernmost provinces of Finland with expected date of birth in 1966 who underwent a health examination at age 31. The Health2000 was conducted in 2000 to explore the health of the Finnish population. Our Health2000 cohort consists of individuals aged 30 and over. The ATBC study was initially collected to test whether a-tocopherol and b-carotene supplements would reduce the incidence of lung and other cancers. The participants were male smokers aged 50 -69 years from South-western Finland. FINRISK is a crosssectional population survey targeting coronary risk factors collected every 5 years. The current study contains individuals recruited during years 1992 and 1997 and were selected for cardiovascular study. The YF is a population-based prospective cohort study conducted at five university departments of medical schools in Finland (i.e. Turku, Helsinki, Kuopio, Tampere and Oulu), with the aim of studying the levels of cardiovascular risk factors in children and adolescents in different parts of the country. The latest follow-up was conducted in 2007. The present analysis included 2165 subjects with data on height, weight and the gene variant. The study and data collection protocols have been described in detail by Raitakari et al. (30) . The Health2000, YF and FINRISK participants were collected across Finland, whereas NFBC 1966 was sampled within the Northern region and the ATBC within the South-western region of Finland. The same analyses were performed in the BWHHS. Full details of the selection of participants and measurements have been reported earlier (31, 32) . Women aged 60-79 years were randomly selected from primary care lists in 23 British towns. Women were recognized as non-white in the BWHHS and excluded from further analyses.
The ERF study is an extended-pedigree study (n ¼ 2700) focused on the identification of quantitative traits loci related to neuropsychiatric, cardiovascular, endocrinological, ophthalmological and musculoskeletal disorders. The ERF sample has been described in more detail by Aulchenko et al. (33) .
The Rotterdam study (34) is an ongoing prospective, population-based cohort study among 7983 persons aged 55 years and older, living in Ommoord, a district of Rotterdam, The Netherlands. The study was designed to investigate the incidence and determinants of chronic disabling diseases. The study is composed of an outbred ethnically homogeneous population of Dutch Caucasian origin. Rationale and design have been described previously. Informed consent was obtained from each participant, and the Medical Ethics Committee of the Erasmus Medical Centre Rotterdam approved the study. At baseline (1990 -1993) , all participants were interviewed and underwent extensive physical examination. These examinations were performed according to the same protocol at the second follow-up (1997 -1999) .
The KORA [Cooperative Health Research in the Augsburg Region; Wichmann et al. (35) ] studies are population-based samples from the general population living in the region of Augsburg, Southern Germany. The KORA S3 survey (4856 subjects, response 75%) has been examined in the years 1994 -1995. The KORA S4 survey was conducted in 1999 -2001. The KORA S3 and S4 samples do not overlap. The study has been approved by the local ethical committee. Genome-wide data are available from Affymetrix 500K chips in KORA S3 and Affymetrix 6.0 chips in KORA S4.
Methods
In Finland, the C allele homozygosity of the LCT C/T -13910 polymorphism (rs4988235) serves as a diagnostic marker for lactase non-persistence, whereas T homozygotes and heterozygotes can be classified as LP. We tested this SNP in a set of representative population cohorts and measured its potential association with BMI and height. The SNP LCT C/T -13910 was genotyped using iPlex assay on the MassARRAY System (Sequenom, San Diego, CA, USA) using standard protocols in a total of 17 374 Finnish individuals. The YF cohort LCT C/T -13910 genotyping was performed by using the 5 0 -nuclease assay and fluorogenic, allele-specific, TaqMan probes (Applied Biosystems, Foster City, CA, USA) and primers, with the ABI Prism 7000 sequence detection system (Applied Biosystems). The genotype frequencies followed Hardy -Weinberg equilibrium (HWE) in all five cohorts (YF, P ¼ 0.814; ATBC, P ¼ 0.84; FR, P ¼ 0.77; NFBC, P ¼ 0.93; Health2000, P ¼ 0.54) and call rate was .95% in all samples. BWHHS genotypes for LCT C/T -13910 (rs4988235) were generated using the KASPar chemistry which is a competitive allele-specific PCR SNP genotyping system using FRET quencher cassette oligos using standard protocols. The rs4988235 marker was imputed to the ERF, Rotterdam and KORA studies. The genetic data for ERF, the Rotterdam study and KORA S4 was imputed using MACH with HAPMAP rel 22 CEU build 36 as a reference (ERF imputation, r 2 ¼ 0.94, Rotterdam imputation study, r 2 ¼ 0.92, KORA S4 observed versus expected variance ¼ 0.89), whereas KORA S3 was imputed with MACH based on HAPMAP rel 21 build 35 (observed versus expected variance ¼ 0.91). The genotype frequencies followed HWE in all four non-Finnish cohorts (BWHHS, P ¼ 0.88; ERF, P ¼ 0.23; Rotterdam study, P ¼ 0.09; KORA S3, P ¼ 0.75; KORA S4, P ¼ 0.27).
The association analyses were performed in parallel by three collaborating groups, hence NFBC 1966 and Health2000 were analysed with PLINK 1.04, FINRISK, KORA and ATBC cohorts were analysed with R, and YF and Rotterdam study cohort with SPSS, using linear regression. The ERF study was analysed using QTDT.
Lahti-Koski et al. (36) have shown that there are no regional differences in BMI within Finland in males, but a slight difference in females between southern and western Finland. Therefore, we corrected the nationwide Health2000, YF and FINRISK analyses for the area of residence (Southwest, East and Northern Finland). The NFBC 1966 cohort was collected from Northern Finland and ATBC from southwest Finland, and therefore, no regional correction was applied. The phenotypes were corrected for age and sex effects in Health2000, YF and FINRISK cohorts, with sex in NFBC 1966 cohort (all 31 years old) and age in ATBC cohort (all men). BMI outliers deviating more than three standard deviations from the mean within a cohort were removed prior to analysis, resulting in approximately normal distribution (kurtosis and skewness both between 21 and 1). The Rotterdam study and KORA were corrected for sex, age and first 10 principal components from the genome-wide data and outliers deviating more than four standard deviations from principal components or three standard deviations from standardized corrected phenotype means were removed. The ERF cohort was corrected for sex and age. The family-based analyses were performed with QTDT (26) . The association method was orthogonal association which is very robust to stratification. Dominance effect was included in the analysis model. The meta-analysis was performed by pooling the b-estimates and standard errors from the individual studies using the inverse variance method.
We had genome-wide SNP data (Illumina HumanHap 370) and phenotype data available for 4911 individuals from the NFBC 1966 cohort. Similarly, we had genome-wide SNP data (llumina HumanHap 610) available for a subset of the Health2000 cohort (2145 individuals) ascertained for matched case -control study for metabolic syndrome. We tested for hidden population substructure by performing a principal components analysis using EIGENSOFT (37) . The imputation of the marker in these cohorts was performed with MACH using phased HAPMAP rel 22 CEU build 36 as a reference.
The power calculations were performed via bootstrapping. We performed 10 000 simulations where we simulated a sample of 17 374 individuals where the minor allele frequency (MAF ¼ 0.39) and effect size (b ¼ 20.082) were the same as LCT variant found in this study. Each sample was analysed with both additive and dominant models. The simulations were performed with R.
The dominance deviation test was performed by fitting jointly the additive term and a heterozygote indicator.
The gender interaction analysis was performed by using the meta-analysis summary statistics. The method is described further in a book by Hardy (38) . 
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